TLS/FUS (TLS) is a multifunctional protein implicated in a wide range of cellular processes, including transcription and mRNA processing, as well as in both cancer and neurological disease. However, little is currently known about TLS target genes and how they are recognized. Here, we used ChIP and promoter microarrays to identify genes potentially regulated by TLS. Among these genes, we detected a number that correlate with previously known functions of TLS, and confirmed TLS occupancy at several of them by ChIP. We also detected changes in mRNA levels of these target genes in cells where TLS levels were altered, indicative of both activation and repression. Next, we used data from the microarray and computational methods to determine whether specific sequences were enriched in DNA fragments bound by TLS. This analysis suggested the existence of TLS response elements, and we show that purified TLS indeed binds these sequences with specificity in vitro. Remarkably, however, TLS binds only single-strand versions of the sequences. Taken together, our results indicate that TLS regulates expression of specific target genes, likely via recognition of specific single-stranded DNA sequences located within their promoter regions. E xpression of protein-coding genes in eukaryotes involves a number of tightly regulated steps, each of which is controlled by various proteins to ensure transcripts are appropriately expressed and processed. Some proteins are known to regulate more than one step to integrate the various events (1), and one candidate for linking transcription and pre-mRNA splicing is the protein TLS/ FUS (translocated in liposarcoma or fused in sarcoma; here referred to as TLS). As the name suggests, the TLS gene was originally found at the breakpoint of a characteristic translocation in human liposarcomas (2). More recently, mutations in TLS have been implicated in both familial and sporadic amyotrophic lateral sclerosis (3, 4). TLS is structurally related to Ewing's sarcoma (EWS) and TATA-binding protein-associated factor 15 (TAF15), both of which are also involved in translocations that result in cancer-related fusion proteins. These three proteins comprise the TET (TLS, EWS, and TAF15) family of proteins.
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TET proteins have been implicated in RNA polymerase (RNAP) II transcription by their association with the general transcription factor TFIID and with RNAP II itself (5) . Proteins associated with TFIID can activate or repress transcription of specific genes both by directly recognizing and binding to core promoter sequences and by association with stimulatory or repressive factors and complexes. Each of the TET proteins copurifies with distinct and substoichiometric fractions of TFIID (6), perhaps influencing activation or repression of certain groups of genes. TLS interacts directly with the TATA-binding protein (TBP) and can enhance transcription by RNAP II in vitro (7) .
Although TLS has been shown to bind DNA (8), RNA (2), and proteins involved in transcription (6), little is known about which RNAP II genes are directly regulated by TLS. TLS may activate transcription of certain response genes by interacting with the DNAbinding domain of various nuclear hormone receptors (9) . Furthermore, the glutamine-rich amino termini of TET proteins can function as transcriptional activation domains when fused to a DNAbinding domain (10) . TLS also associates with RNAP III-transcribed genes and represses their transcription both in vitro and in vivo (7).
TLS has also been linked to splicing. It contains an RNP-type RNA-binding domain and associates directly with SR protein splicing factors (11) . TET proteins have been detected in spliceosomes (12) , and TLS was found associated with RNAP II and snRNPs in a transcription and splicing complex in vitro (13) . It is unclear whether and how TLS recruits splicing factors to sites of active transcription, but one possibility is through its interaction with TBP and the TFIID complex.
Here we provide insight into TLS regulation of RNAP II-transcribed genes. We used ChIP followed by promoter microarray analysis to identify putative TLS target genes, and confirmed that several of them are indeed associated with TLS. Furthermore, we detected changes in mRNA levels of several of these transcripts after siRNA-mediated knockdown or overexpression of TLS, indicating that TLS can both activate and repress target genes. Using bioinformatics to analyze the microarray data, we found specific sequences enriched in the DNA fragments immunoprecipitated by TLS, defining possible recognition motifs. Unexpectedly, these sequences were bound specifically as ssDNA by purified TLS in vitro. Together, our data establish TLS as an unusual transcriptional regulator with the potential to activate or repress target genes via specific ssDNA sequences.
Results
ChIP-Chip Analysis Identifies Possible TLS Target Genes. Important questions regarding TLS function include the nature of its role in RNAP II transcription and whether it regulates certain types or classes of genes. To identify RNAP II promoters that are bound, directly or indirectly, by TLS, we performed ChIP using antibodies directed against TLS, then amplified and labeled the DNA for hybridization to the Affymetrix Human Promoter 1.0 microarray chip (Materials and Methods). This tiling microarray contains 25-mer probes, with a gap of ∼10 bp between probes. The promoter region encompasses ∼7.5 kb upstream and ∼2.45 kb downstream of the transcription start site at >25,000 genes, yielding >4.6 million probes. We used a mock (no antibody) ChIP as a control for nonspecific immunoprecipitation and as a measure of noise. Subtraction of the mock from the TLS signal and comparison with a null model yielded a P value for each probe on the microarray. We found that, depending on the significance threshold chosen, 1,161 (P < 0.05) and 48 (P < 0.01) promoter regions were occupied by TLS (the latter are listed in Fig. S1 ; the former are available upon request). The corresponding genes could be grouped into general categories, many corresponding to processes in which TLS has been implicated (5) . Putative target genes involved in gene expression; cell cycle and cancer; and cytoplasmic or neuronal functions are presented in Fig. 1 .
TLS Associates with Candidate Gene Promoter Regions. We next wished to verify that TLS associates with targets identified from the microarray. To this end, we designed primers specific to regions identified by microarray and used these for gene-specific ChIP. We also examined various additional genes, including the constitutively expressed genes β-actin, c-MYC, GAPDH, and the highly expressed gene encoding acidic ribosomal phosphoprotein P0 (ARPP P0). TLS was not detected at the β-actin promoter and only weakly at the ARPP P0 promoter (Fig. 2A) . The microarray data showed low levels (P > 0.05) of TLS binding at both the c-MYC and GAPDH promoters, and we did detect TLS at these promoters ( Fig. 2A) . We also used primers for 18S rRNA genes, which are not expected to be recognized by TLS, and TLS occupancy was undetectable (Fig. 2B ).
We next examined representative genes identified by ChIP and subsequent microarray with P < 0.01. We detected strong association with DNA fragments representing the promoter regions of ERAS, INTS3, MECP2, PRAP, SAC3D1, ZNF294, and ZNF397 in samples immunoprecipitated by TLS antibody but not in mock immunoprecipitation (Fig. 2B ), confirming that TLS associates with these genes in vivo. In one case, RBM22, we did not detect enrichment in the TLS ChIP sample compared with mock immunoprecipitation, and in two cases, WIPF1 (Fig. 2B) and MAD2L1BP, the primers showed only weak amplification. Together, we analyzed eight genes from the microarray successfully, and seven gave robust ChIP signals.
TLS showed strong binding to the INTS3 gene. The protein product of this gene is part of the integrator complex that mediates 3′-end processing of snRNAs (14) . We tested whether TLS associates with the gene encoding another component of the integrator complex, INTS6, which was not identified as a putative TLS target gene in the microarray, and did not detect TLS occupancy at this promoter ( Fig. 2B) , further confirming the specificity of the microarray results. Given that TLS is an RNAbinding protein, we also tested whether TLS occupancy at these promoters was dependent on RNA. Addition of RNase A before immunoprecipitation had no effect on TLS occupancy.
TLS Depletion or Overexpression Changes Expression of Target Genes.
We next investigated whether TLS affects expression of any of the verified microarray target genes. To this end, we examined mRNA levels of several of these genes after altering TLS levels in HeLa cells. We either reduced TLS levels by using anti-TLS siRNAs, or increased TLS levels by transiently overexpressing Flag-tagged TLS, as described previously (7) . Changes in TLS levels were verified by Western blotting (Fig. 3A) . To assay effects on expression levels, we performed RT-PCR with gene-specific primers. Results with radioactive PCR are shown, but were confirmed by quantitative real-time PCR. Altering TLS levels did not affect expression of ARPP P0 mRNA ( Fig. 3 B and H), consistent with weak occupancy of TLS at this gene ( Fig. 2A) , or the expression of β-actin and GAPDH. However, mRNA levels of six putative TLS target genes, ERAS, INTS3, SAC3D1, MECP2, ZNF294, and ZNF397, were all found to be sensitive to TLS levels.
TLS acts as a negative regulator of several target genes. For example, an increase in TLS levels decreased ERAS mRNA, and, conversely, a decrease in TLS protein resulted in increased levels of this mRNA ( Fig. 3C ; quantitation in Fig. 3H ). A similar effect was seen for the INTS3 gene (Fig. 3 D and H) . Likewise, SAC3D1 mRNA was decreased after TLS overexpression, and modestly increased after TLS knockdown (Fig. 3 E and H) . Finally, ZNF294 mRNA levels were decreased upon TLS-Flag overexpression and almost doubled by knockdown of TLS (Fig. 3  F and H) . Taken together, these results indicate that TLS has a repressive role in expression of several target genes.
TLS had the opposite effect on two tested genes. Overexpression of TLS increased the levels of ZNF397 mRNA, whereas a reduction in TLS levels resulted in decreased levels of ZNF397 mRNA ( Fig.  3B ; quantitation in Fig. 3H) . TLS also has a positive effect on MECP2; decreased TLS protein levels resulted in less MECP2 mRNA, and increased TLS led to higher levels of MECP2 mRNA (Fig. S2) . Our results thus indicate that TLS can influence target gene expression both positively and negatively.
MatrixREDUCE Identifies Sequence Motifs Preferentially Found in TLS
Target Promoters. We next used the microarray data to identify possible DNA sequences that were preferentially recognized by TLS. To this end, the raw microarray data were processed using model-based analysis of tiling arrays (MAT) (15) . The MAT algorithm corrects for probe sequence bias and copy number to improve the signal-to-noise ratio. MAT also reduces false positives by performing a robust, trimmed mean that removes outliers and averages noise across all normalized probe intensities within a window of 600 bp, the average postsonication dsDNA fragment size. The final MAT enrichment score was used as a measure of TLS occupancy and affinity. We next applied the MatrixREDUCE algorithm (16) to the normalized occupancy scores. In general, the algorithm yields one or more position-specific affinity matrices (PSAMs), which quantify the relative affinity of a DNA-binding protein for each nucleotide relative to the optimal binding sequence at each position of the motif, under the assumption that each nucleotide position contributes independently to the overall affinity of the binding site. PSAM parameters are estimated by performing nonlinear regression (optimization) seeded by the Kmer with the highest Pearson correlation with normalized intensities. We restricted our analysis to 1,000 probes with the highest MAT score, which cover a wide range of binding affinities. The nucleotide sequence associated with each probe was taken to be the 600-bp window centered on the genomic location of the probe.
MatrixREDUCE identified three distinct PSAMs for TLS (Fig.  4) by recursively fitting to the residuals after each nonlinear optimization (Fig. 4) . The first motif, with consensus sequence TCCCCGT and absolute conservation of T at position 1 and G at position 6, yielded a high R 2 value-defined as the fraction of the Remarkably for a DNA-binding factor, the correlation of the first two sequences (but not the third) was direction dependent. Forward incidences of the motif, relative to the direction of transcription, correlated well with TLS enrichment, but incidence of the reverse complement motif did not. This directionality suggests that TLS might have a preference for binding to only one strand of DNA.
TLS Binds with Specificity to Single-Stranded Motif Sequences. We next investigated whether TLS binds directly to the motifs predicted by MatrixREDUCE. To this end, we performed gel shift assays using 32 P-labeled ssDNA and dsDNA probes containing three tandem repeats of the enriched sequences and purified GST-TLS (TLS). Strikingly, TLS (but not GST) bound strongly to ssDNA containing three copies of the TCCCCGT, AAA-GTGTC, or AGGTTCTA sequences (Fig. 5A) , and binding was concentration dependent (Fig. 5B) . TLS showed strongest binding to TCCCCGT, followed by AGGTTCTA and AAA-GTGTC. We did not detect binding to dsDNA containing three copies of the AAAGTGTC or AGGTTCTA sequences, and observed only very weak binding to dsDNA containing three copies of TCCCCGT (Fig. 5A) .
We next mutated key nucleotides in the binding sites to test the validity of the predicted TLS-binding motifs. Strikingly, point mutations of invariant nucleotides in each of the PSAMs abolished binding (Fig. 5C ), suggesting TLS binds ssDNA with specificity and that the motifs identified by MatrixREDUCE are critical for recognition. For example, binding was abolished when the three AAAGTGTC sequences were altered to AACGTGTC. Likewise, mutating AGGTTCTA to AGCTTCGA, or TCCCCGT to ACCCCCT, prevented TLS binding to ssDNA containing three copies of these altered sequences. TLS also did not bind to dsDNA consisting of three copies of the mutated sequences or to ssDNA containing the reverse complement of the consensus motifs (Fig. S3) .
To provide additional evidence that TLS binds sequence specifically, we used cold competitor ssDNA encoding consensus or mutated motifs. TLS binding to labeled AAAGTGTC ssDNA was modestly reduced by addition of an equal amount of cold competitor ssDNAs containing three copies of either AAAGTGTC or AGGTTCTA, but was essentially abolished by an equivalent amount of unlabeled ssDNA containing three copies of TCCCCGT (Fig. 5D) , consistent with the strong affinity of TLS for this sequence. Cold competitor ssDNA containing the above-described mutations did not have a significant effect on TLS (Fig. 5D) . Likewise, TLS binding to labeled AGGTTCTA-or TCCCCGTcontaining ssDNA was decreased ≤85% upon addition of a twofold excess of unlabeled ssDNA consisting of any of the three consensus motifs, but much less so or not at all by mutant derivatives (Fig. S4  A and B) . Competition was concentration dependent, because increasing amounts of unlabeled ssDNA containing three copies of TCCCCGT decreased TLS binding ≤90% to the same labeled DNA, whereas the unlabeled ACCCCGT mutant, even in 25-fold excess, had little effect on TLS binding (Fig. 5E) . Finally, TLS binding to the ssDNAs containing the three consensus motifs was not affected by dsDNA containing either consensus or mutant sequences (Fig. S4C) . Together, our data indicate that TLS binds sequence specifically and in a concentration-dependent manner to ssDNA consensus sequences derived from TLS target promoters.
Discussion
Our results show that TLS plays a significant role in expression of a number of RNAP II transcribed genes. Our findings define a group of genes regulated by TLS and identify putative TLS response elements in target gene promoters. Below we discuss properties of several of the TLS target genes, the significance of the ssDNA recognition elements, and how TLS, like several other RNA-binding proteins, binds ssDNA recognition sequences.
The functions of a number of the genes we identified as TLS target genes are of interest. The INTS3 gene, which is downregulated by TLS, is known to be amplified in hepatocellular carcinomas (17) . INTS3 is a component of the integrator complex, which mediates 3′-end processing of snRNAs (14) . Down- regulation of U1 and U2 genes by TLS through INTS3 protein levels could suggest a role for TLS in U snRNA gene expression, because TLS also negatively regulates transcription by RNAP III of the U6 snRNA gene (7) . TLS regulation of U1 and U2 expression through INTS3 and of U6 transcription could provide a mechanism for global control of RNA splicing. We also found TLS at the promoter regions of several cell cycle-related genes, including RAS family genes, such as ERAS and RAB5C. TLS and the splicing factor SRSF2 have previously been found to stimulate alternative splicing of H-ras pre-mRNA (18) . Thus, TLS may negatively regulate cell-cycle progression both through repressing transcription of RAS family genes and through alternative splicing that produces isoforms that delay cell-cycle progression. TLS was also found at other genes involved in cell-cycle regulation, including PRAP and SAC3D1. PRAP is down-regulated in hepatocellular carcinoma, and overexpression of this gene in cancer cell lines resulted in growth inhibition and decreased colony formation (19) . SAC3D1, like INTS3, was also found associated with the integrator complex but is not stably associated with RNAP II (14) . SAC3D1 is involved in centrosome duplication and cell-cycle progression in mammalian cells (20) . These target genes suggest that TLS may be involved in regulating cell-cycle progression.
ZNF294, also known as LISTERIN and RNF160, is a potentially important disease-relevant TLS target; it was found mutated in colon cancer cell lines and encodes a protein that contains a RING finger domain that can function as an E3 ubiquitin ligase (21) . Interestingly, a mutant mouse model indicates a role for ZNF294 in neurodegeneration, possibly including motor neuron dysfunction and specifically ALS (22) . This finding is intriguing in light of the role of TLS mutants in ALS, and deregulation of ZNF294 expression may play some role in ALS.
ZNF397 encodes a protein that localizes to centromeres and may repress transcription of noncentromeric genes (23) . TLS transcriptional control of ZNF397 could then regulate a cascade of other centromeric genes and segregation of chromosomes. TLS and EWS were previously shown to be involved in pairing autosomal and sex chromosomes, respectively, during meiosis (24, 25) . Defects in this process could lead to the increased genomic instability observed in TLS knockout mice (24) . TLS positively regulates MECP2, which encodes methyl CpGbinding protein 2. Mutations in MECP2 cause Rett syndrome, a neurodevelopmental disorder, and initial experiments suggested that MECP2 acts as a transcriptional repressor (26) . MECP2 may also have roles in RNA splicing, chromatin organization, and L1 retrotransposition in neurons (27) . Another DNA-and RNA-binding protein, TAR DNA-binding protein 43 (TDP-43), is also associated with ALS (28) . Interestingly, TDP-43 binds MECP2 in neurons (29) , suggesting that TLS and TDP-43 regulate a common pathway in neurodegeneration.
All of the target genes we have discussed contain multiple TLSbinding motifs generated by MatrixREDUCE in their promoter regions. These TLS-binding motifs include the highest-affinity sequences as well as sequence variants that contain one or two tolerated nucleotide substitutions, as specified in the TLS affinity matrix generated by MatrixREDUCE (16) . For example, INTS3 contains three TCCCCGT motif variants, one copy of AAA-GTGTC, and two AGGTTCTA variants in the 5.6-kb promoter region upstream of its transcription start site. In contrast, the 7.5-kb β-actin promoter region, which is not occupied by TLS, does not contain any copies of TLS-binding motifs or variants, whereas the ARPP P0 promoter region contains only two copies of a tolerated variant, AGGTTGTA. Together, this result suggests that multiple copies of at least one TLS recognition motif are present in TLS target gene promoter regions. Given the presence of each motif in genes that are positively and negatively regulated by TLS, it is difficult to conclude that a specific motif is associated with activation or repression.
Unexpectedly, the reverse complement of two of the three identified TLS-binding motifs did not correlate with its genomic variation in occupancy, which suggested that the binding motif is ssDNA. A possible explanation for the existence of three apparently disparate binding motifs is that TLS contains multiple distinct nucleic acid-binding domains, which may function independently or in combination. Because TLS did bind these regions only as ssDNA in vitro, there is support for the idea that directional binding is indicative of ssDNA motifs. For the third sequence, AGGTTCTA, which had the lowest R 2 value, the reverse complement was found enriched in the TLS ChIP microarray data, but this sequence was also bound by TLS only as ssDNA in vitro. Our data are consistent with previous studies in which TLS was found to have greater nonspecific affinity for ssDNA than dsDNA (8) , and to bind to ssDNA but only weakly to dsDNA consisting of human telomeric sequences (30) . The telomere sequence TTAGGG is not related to any of the consensus sequences we have described, and how and if binding to this sequence is related to the binding we have described here is not known.
The ability of TLS to bind specific ssDNA sequences raises interesting questions. Are these sequences relevant to RNA binding? Arguing against this, TLS has been reported to bind a GGUG motif in RNA, with relatively low affinity (31) . Additionally, the ssDNA binding we described is not likely to reflect RNA binding in vivo, because the sequences enriched in the promoter microarray were from upstream promoter regions, making it unlikely that they reflect interaction with RNA. Do other putative RNA-binding proteins recognize ssDNA? At least five proteins containing RNA-binding domains have been shown to be capable of binding ssDNA: polypyrimidine tract binding protein (PTB), the FUSE-binding protein (FBP), hnRNP K, hnRNP A1, and, most relevantly, EWS.
How might TLS and other ssDNA-binding proteins recognize what would normally be dsDNA? Though PTB binds with specificity to pyrimidine-rich ssDNA (32) , an intriguing possibility is that DNA binding by the other proteins involves G-quadruplex structures. HnRNP A1 is known to bind such structures in telomeric DNA (33) and the KRAS promoter (34) . Both FBP and hnRNP K recognize and bind ssDNA regions of the c-MYC promoter through (A) The first PSAM that best explains the variance in the normalized ChIP enrichment (MAT) scores using only the forward strand (R 2 0.17, P value 2.54e-42). The height of each letter is proportional to its corresponding nucleotide's relative affinity at each position, and the letters are sorted in descending frequency order. The height of the entire stack at each position is then adjusted to signify the information content (in bits) of that position. (B) The second PSAM that best explains the variance in the residuals from the fit with the first PSAM, again using only the forward strand (R 2 0.18, P value 2.2e-45). (C) The third PSAM that best explains the variance in the residuals from the fits with the first and second PSAMs, using both strands (R 2 0.08, P value 3.4e-20).
their K homology domains, resulting in transcription activation (35, 36) . Interestingly, hnRNP K binds the pyrimidine-rich strand of the CT element of c-MYC, a region that consists of four imperfect repeats of the sequence CCCTCCCA (37) . This sequence bears a resemblance to TCCCCGT, the sequence for which TLS has greatest affinity. The CT element is hypersensitive to nucleases, indicative of ssDNA, and the purine-rich strand can form a Gquadruplex structure (38) . Notably, a number of proto-oncogenes have promoter sequences that can form G-quadruplex structures (39) , raising the possibility that recognition of the complementary strand by ssDNA/RNA-binding proteins is important for expression of these genes. Likewise, the promoter regions of many of the genes we identified here are predicted to contain G-quadruplexforming sequences, based on analysis with the program Quadfinder (40) . EWS has also recently been reported to bind G-rich DNA in a G-quadruplex structure (41) , and the high degree of similarity between TLS and EWS supports the view that TLS does bind to Gquadruplex-containing DNA. Indeed, the strongest of the three TLS consensus motifs we identified, TCCCCGT, could become single stranded as a result of G-quadruplex formation by the complementary strand.
In summary, we have identified RNAP II promoters occupied by TLS and have confirmed that at least some of these target genes are regulated by TLS. We identified TLS recognition elements in the promoter regions of these genes, and showed that TLS binds these as ssDNA. This finding adds to the mechanisms by which TLS, and likely other TET family proteins, can modulate transcription. Likewise, the functions of TLS target genes indicate a role for TLS in regulating processes as diverse as transcription; cell-cycle progress; DNA repair and genomic stability; and neurodegeneration.
Materials and Methods
ChIP on Chip. ChIP DNA was amplified as described in the Affymetrix Chromatin Immunoprecipitation Assay Protocol. DNA was purified with Affymetrix cDNA cleanup columns, and then subjected to fragmentation and labeling using GeneChip WT Double-Stranded DNA Terminal Labeling Kit (Affymetrix). Labeled DNA was hybridized to GeneChip Human Promoter 1.0R Array (Affymetrix) in the Columbia University Cancer Center microarray facility. Data were analyzed using Partek Genomics Suite and Affymetrix GeneChip Operating Software, and genes were identified using the University of California-Santa Cruz Genome Browser. Microarray data has been deposited in the EBI Express Database under accession no. E-MEXP-3568. P ssDNA containing three copies of AAAGTGTC. Cold competitor ssDNA containing three copies of consensus or mutated TLS-binding motifs was added as indicated. (E) GST or GST-TLS was added to 32 P ssDNA containing three copies of TCCCCGT. Increasing amounts of cold competitor ssDNA was added as indicated. In all cases, complexes were resolved by native PAGE.
